In this study, synchrotron-based x-ray absorption microspectroscopy (µ-XAS) is applied to identifying the chemical states of copper-rich clusters within a variety of silicon materials, including as-grown cast multicrystalline silicon solar cell material with high oxygen concentration and other silicon materials with varying degrees of oxygen concentration and copper contamination pathways. In all samples, copper silicide (Cu 3 Si) is the only phase of copper identified. It is noted from thermodynamic considerations that unlike certain metal species, copper tends to form a silicide and not an oxidized compound because of the strong silicon-oxygen bonding energy; consequently the likelihood of encountering an oxidized copper particle in silicon is small, in agreement with experimental data. In light of these results, the effectiveness of aluminum gettering for the removal of copper from bulk silicon is quantified via x-ray fluorescence microscopy (µ-XRF), and a segregation coefficient is determined from experimental data to be at least (1-2)×10 3 . Additionally, µ-XAS data directly demonstrates that the segregation mechanism of Cu in Al is the higher solubility of Cu in the liquid phase. In light of these results, possible limitations for the complete removal of Cu from bulk mcSi are discussed.
I. INTRODUCTION
Copper is a ubiquitous contaminant in silicon-based device technology that can be easily introduced into the bulk of silicon wafers. According to the existing data on solubility and diffusivity of Cu in Si [1] [2] [3] , at only 425°C the equilibrium solubility of Cu in
Si is as high as 10 13 cm -3 , and the diffusivity is such that Cu can traverse 220 µm of single crystalline p-type silicon in under 10 seconds ( Dt 4 = λ ). According to the current understanding of the electrical properties and defect interactions of copper in silicon 4, 5 , interstitial copper is a shallow donor with relatively benign electrical activity.
On the other hand, copper-rich precipitates are known to severely reduce the minority carrier diffusion length by forming bands of states within the silicon bandgap, thereby providing very effective pathways for recombination. [6] [7] [8] [9] [10] The precipitation of copper is unfavorable in structurally perfect p-type silicon because of the significant lattice strains involved in the formation of copper-rich precipitates 11 , possibly limited by the relatively lower diffusivity of ejected silicon selfinterstitials, compounded with the energy required to change the charge state of Cu upon precipitation. 5 Copper precipitation in bulk p-type silicon can occur if the Cu contamination level is high and the chemical driving force for precipitation is sufficient to overcome the barrier for precipitation. 8, 9, [12] [13] [14] More importantly, even in low concentrations copper readily precipitates in the presence of heterogeneous nucleation sites, such as stacking faults or certain types of dislocations. [15] [16] [17] [18] It is also known that metal-rich clusters can be incorporated into structural defects during crystal growth. 19 increasing 50% of solar cell modules are currently produced 20 , typically contains high transition metal concentrations combined with a high density and variety of structural defects. Not surprisingly, copper-rich particles have been observed at structural defects in poorly-performing regions of mc-Si solar cell material [21] [22] [23] [24] [25] , complementing neutron activation analysis (NAA) data reporting Cu concentrations in mc-Si as high as 10 13 cm -3 . 26 While Cu-rich clusters are undoubtedly not the only type of defect responsible for reducing the efficiencies of mc-Si solar cells, their known recombination activity and repeated observation in poorly-performing regions indicate they most certainly can be a contributing factor.
The chemical states of these Cu-rich clusters has wide-reaching implications for predicting the stability of these clusters, and ultimately, their impact upon mc-Si solar cell devices. 22, 27 For example, it is much more difficult to dissolve and getter copper from copper oxide or copper silicate clusters than from copper silicide, due to the higher binding energy of the metal atoms to those compounds. 27 Previous studies that have attempted to determine the chemical state of Cu-rich clusters in Si are largely restricted to TEM-based energy dispersive x-ray spectroscopy (EDX) and diffraction analyses of copper precipitates in samples prepared by in-diffusion of unusually high Cu concentrations, or grown from a heavily Cu-contaminated melt. [28] [29] [30] [31] [32] [33] In these studies, a species of copper silicide, η-Cu 3 Si, is the predominantly observed phase.
The question arises as to whether copper-rich clusters in intentionally contaminated samples are of a phase identical to that found in samples containing lower
Cu concentrations, representative of what one might encounter in mc-Si without intentional contamination. Studies of these lower Cu concentrations are now possible with synchrotron-based x-ray microprobe techniques, due to the higher sensitivities and large scanning volumes of these tecniques. 21, 22 A recent synchrotron-based x-ray absorption spectroscopy (µ-XAS) study found that gettering-resistant Cu-rich clusters in oxygen-rich silicon had a shift in the Cu absorption edge to higher energies, interpreted as a possible indication that oxidized Cu-rich clusters may have formed. 27 The objective of this study is to clarify these discrepancies in the literature, and to Following the experimental identification and discussion of the chemical state of
Cu-rich clusters in Si, it is of interest to quantify the effectiveness of the removal of Cu from bulk Si by aluminum gettering. Since Al is used as the ohmic back surface contact material for most silicon-based solar cells, aluminum gettering is a standard part of silicon solar cell processing. It has been reported that copper is readily gettered from silicon to aluminum during even a medium-temperature anneal, [34] [35] [36] [37] yet that some Cu may resist gettering. 27 Herein, we report the chemical state and distribution of Cu within an Al gettering layer of variable thickness, estimate a segregation coefficient based on experimental x-ray fluorescence microscopy (µ-XRF) data, and discuss the possible physical mechanisms that oppose the complete gettering of Cu in mc-Si to the Al gettering layer.
II. METHODOLOGY
Copper-rich clusters in four types of silicon materials, with varying amounts of oxygen and intentional copper contamination, were investigated in this study. Sample specifications are as follows: To determine the precise location of copper nano-and micro-clusters inside each sample, synchrotron-based x-ray fluorescence microscopy (µ-XRF) was performed at 44 and beamline 45 are also available.
In addition to the presence of metal clusters, it is also possible to determine their recombination activity, in-situ at the synchrotron beamline, using the x-ray beam induced current (XBIC) technique. 46 This technique collects photo-excited minority carriers with 
III. DISTRIBUTION AND CHEMICAL STATE OF CU-RICH CLUSTERS
Prior to µ-XAS analyses, each Si sample was mapped with µ-XRF to reveal the precise distribution of Cu-rich clusters. The noteworthy observations from µ-XRF maps of each sample are as follows:
(1) For FZ-Si heavily contaminated with Cu during crystal growth (Sample 1), irregularly distributed Cu clusters are observed at structural defects (Fig. 1a) . This irregular Cu decoration is expected for slow-cooled samples, wherein supersaturated Cu can diffuse to preferred precipitation sites. 48 The observed Cu-rich clusters are strongly recombination-active, as revealed by XBIC (Fig. 1b) . Five Cu-rich clusters in this sample were analyzed by µ-XAS. , and etching experiments 13 to form elliptical, platelike, micron-sized colonies of along preferred crystallographic orientations. Interestingly, the elliptical Cu-rich microcolonies observed in µ-XRF also appear to be aligned to certain orientations within the crystal, as shown in Fig. 3 . Although the spatial density of these colonies (~1.1×10 6 cm -3 ) corresponds well to the density of oxygen precipitates (1×10 6 cm -3 ), the morphology of these Cu clusters appears not to be spherical, indicating that the Cu atoms in this sample preferred not to homogeneously coat the oxygen precipitates, but either used them or their punched out dislocation loops as nucleation sites for Cu microcolony formation. Three Cu-rich clusters were analyzed by µ-XAS in this sample. Cu K-edge µ-XANES scans of the copper-rich clusters in all four samples yielded strikingly similar spectra to Cu 3 Si standard material (Fig. 5b, c) . A µ-XANES comparison of different standard materials (Fig. 5a) some its electrons from the 3d to the 4sp orbitals to form weak covalent bonds with nearby silicon atoms. Similarly, copper atoms precipitated at certain internal voids are predicted to promote a small fraction of their electrons to 4sp orbitals for covalent overlap with neighboring silicon atoms. 5 Macroscopic studies on and models of the properties of copper silicides have also indicated a hybridization of the valence Cu and Si orbitals. 29, [57] [58] [59] The increased delocalization of Cu valence electrons can qualitatively explain the Cu-K absorption edge shift to higher energies: as they are photo-excited out of the atom, Cu 1s core electrons experience a greater Coulombic attraction with the Cu nucleus due to reduced electron screening, and thus require higher x-ray energies for photoionization.
In agreement with the trend observed in the µ-XANES data, the µ-EXAFS spectra of Cu 3 Si standard material and Cu-rich clusters in Samples 1-3 again match very well, as shown in Fig. 6 . It is noticed that the µ-EXAFS data for a more Cu-rich phase of copper silicide, Cu 5 Si, are shifted in phase and amplitude relative to the sample data, making a poor fit. It is thus concluded that the chemical form of copper in Samples 1-3 is very similar, if not identical, to Cu 3 Si, and definitely not an oxidized species nor a copper-rich silicide.
IV. OXIDATION OF COPPER AND OTHER METALS IN SI
In the past, it has been suggested that oxidized metallic precipitates may form within silicon because many species of metal atom, e.g. Cu and Fe, have higher binding energies to oxidized compounds such as silicates and oxides than to silicides. 22, 27, 56 While it is true that metals bond strongly to oxygen, the same can also be said for silicon, and thus an analysis of whether a metallic oxide, silicate, or silicide will form should take this competitive oxidation potential into consideration. It is known that oxygen can form a very stable and electrically inactive interstitial complex with silicon (O i ), not to mention SiO 2 . Table I While the precise values of enthalpies of formation cited in Table I imply that such particles would quickly dissolve in molten silicon (1414°C).
Experimental evidence up to this point has shown no evidence for oxidized Cu-rich clusters inside silicon crystals.
V. AL-GETTERING AND DISSOLUTION OF CU PRECIPITATES
Aluminum gettering was performed on a Cu-contaminated sample to study the gettering mechanism and its effectiveness. A 700 µm-thick CZ sample containing 10 6 cm -3 oxygen precipitates was copper-contaminated by a diffusion anneal at 1200°C.
After the sample was cooled to room temperature, a 5 µm aluminum layer was evaporated onto one surface of the sample through a wire mesh. Subsequently, the sample was annealed at 800°C for 2 hours in forming gas ambient in a horizontal furnace to getter the Cu to the Al. The sample was then removed from the furnace onto an aluminum plate, where it cooled rapidly.
The aluminum gettering layer was subsequently observed with an optical microscope ( Fig. 7a) and scanned with µ-XRF (Fig. 7b) formed a species very similar to that identified in Ref. 67 , a dilute Cu solution in Al (Fig.   8 ). This result directly confirms the generally accepted opinion 68 that the mechanism of segregation of metals in aluminum is their higher solubility in the liquid phase.
A different chemical state of Cu is identified in thinly dispersed aluminum particles on the backside (indicated by a solid arrow in Fig. 7b ). The µ-EXAFS from this location (Fig. 9) , while not making a perfect match with any of our standards, is most similar to the θ-Al 2 Cu standard material of Ref 67 . Precipitates of θ-Al 2 Cu, which are known to form within aluminum layers, are very unstable and dissolve rapidly at temperatures above 400°C. Therefore, there is no indication that the presence of this phase would change the segregation coefficient of copper to aluminum at higher temperatures. At the moment, it cannot be unambiguously determined why this different phase of copper is observed only in thin Al layers. One may speculate that the percentage composition of copper in the thin aluminum layer increased substantially during cooldown, either via relaxation gettering of copper from the bulk and/or a strong temperature dependence of the segregation coefficient. It has been observed, for example, that Al is effective at gettering Cu from Si at temperatures as low as 540°C. 34 The increased solubility of Cu in the Al gettering layer, the presumably weak binding energy of Cu to Cu 3 Si, and the high diffusivity of Cu in Si suggest that Al gettering is indeed very effective for removing Cu from bulk silicon. However, this does not imply that a standard Al gettering procedure, with a micron of Al and an 800°C
anneal, would remove all Cu from the Si bulk to below the detection limit. The residual concentration of Cu in the silicon wafer after Al gettering is determined by three parameters, the thicknesses of the silicon substrate, the thickness of the aluminum layer, and the segregation coefficient, i.e. the ratio of the equilibrium solubilities of copper in aluminum (c Al ) and in silicon (c bulk ) at a given temperature:
The segregation coefficient k can be derived experimentally from the µ-XRF map in Fig. 7b by taking into consideration the Cu counts in the thick Al layer vs. the counts in the bare silicon bulk, the thicknesses of these two layers, and the XRF attenuation lengths of the Cu-Kα fluorescence signal in these two layers. The segregation coefficient as defined in Eq. 1 for the sample shown in Fig. 7b is estimated to be at least (1-2)×10 [Cu] in Bulk After Gettering [Cu] in Bulk Before Gettering
that an upper limit of about 90% of the total copper content can be gettered from the bulk by segregation to the Al layer. With a ten times higher segregation coefficient, k = 10 4 , and all other parameters constant, the same calculation predicts an upper limit of over 97%.
It follows from Eq. 2 that the much lower thickness of the Al layer than that of the Si wafer leads to a much faster increase of Cu concentration in the Al layer than its decrease in Si. Thus, when equilibrium is reached, Cu concentration in the bulk may only decrease by a relatively small factor. It is likely that the remaining dissolved Cu in the bulk will re-precipitate during cooling, especially with the high density of structural defects present in mc-Si. This is consistent with numerous µ-XRF observations of Curich clusters at structural defects in Al-gettered or fully processed mc-Si. 21, [23] [24] [25] Irrespective of the precise value of k, it follows from Eq. 2 that thicker Al layers should result in the removal of a larger fraction of the total Cu from the bulk during gettering.
Other mechanisms may also be responsible for retarding or inhibiting the complete dissolution and removal of all Cu 3 Si clusters during gettering. Cu 3 Si clusters, or individual Cu atoms, may be stabilized either by the lattice strains of adjacent structural defects or other metal clusters. 21, 70 Specifically, the chemical interactions between Cu and other metal species (of which mc-Si contains an abundance 24, 26 ) are not well understood at the present time. The singular result of all these effects would likely be a somewhat lower effective segregation coefficient for mc-Si than that for singlecrystalline silicon. As a consequence, more Cu is likely to remain within bulk mc-Si after
Al gettering than sc-Si. Additionally, it has also been suggested that relatively slowlydiffusing Si self-interstitials may play a rate-limiting role in precipitate dissolution, as these are needed to counterbalance the volumetric shrinkage associated with the dissolving Cu 3 Si precipitates. 27 In any case, a two-step aluminum gettering treatment, consisting of a high temperature step to fully dissolve Cu from Cu 3 Si clusters, followed by a gradual lowering of the temperature to promote the diffusion of Cu i + to the Al gettering layer, may be a viable alternative to optimize the removal of Cu from bulk Si. The likelihood of forming oxidized metal species within silicon is discussed on the basis of this experimental evidence, previous work, and thermodynamic considerations. It is concluded that certain metals such as Cu and Fe are unlikely to form oxidized species within a silicon matrix because silicon bonds to oxygen more strongly than do these metals. On the other hand, certain metals such as Hf bond to O more strongly than does Si, and thus it is predicted that those metals will form oxidized complexes in Si. Furthermore, the possibility is suggested that oxidized iron particles may be present in mc-Si wafers via contamination of the melt by foreign particles.
VI. SUMMARY AND CONCLUSIONS
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